The associated bone changes are decreased calcium, hydroxyproline, carbonate, and wholebone density. Bone magnesium, sodium, mineral density, and percent crystallinity are increased. The delayed matrix formation and mineralization previously identified by histologic techniques are herein characterized by direct measurement as arrest of the normal increase of hydroxyproline/matrix and percent mineral. The bone mineral present is of high density and x-ray-diffraction crystallinity, suggesting a decrease in the mineralization front high in the amorphous phase and/or small nondiffracting crystalloids.
The chemical studies reveal that in the absence of available Ca, Mg and Na are substituted, and CO, is decreased. The restoration of these plasma and bone abnormalities to normal by a diet high in CaC03 adds further emphasis to the essential role of Ca in bone cell function. magnesium HYPOCALCEMIA, WHETHER PRODUCED by a Ca-deficient diet, vitamin D deficiency, or by thyroparathyroidectomy (TPTX), results in inhibition of bone formation and mineralization (4, 27, 54, 61) . Histologic repair of these parameters in the absence of parathyroid hormone (PTH) results when a high-Ca diet is provided (61).
The advent of hydrazine deproteinization designed to facilitate mineral crystal analysis by x-ray diffraction (XRD) (55, 57) suggested a potential capability of separate analyses of matrix and mineral phases. The present study utilizes hydrazine separation to characterize the normal maturation of matrix and mineral phases, the effect of thyroparathyroidectomy, and the essential role of Ca in this maturation process. In addition, the study describes the inorganic mineral chemistry, emphasizing the substitution of Mg when Ca is unavailable. It is proposed that the plasma Mg/Ca ratio determines the mineral content of these ions and that this substitution may play an important role in the quality of bone elaborated by the cellular processes involved.
METHODS AND PROCEDURES
Male Sprague-Dawley rats, 8 wk old, were placed on a normal control diet (0.6% calcium, 0.6% phosphorus, 0.05% magnesium; available as TD73197, Teklad Mills, Chagrin Falls, Ohio) containing vitamin D, as well as all necessary trace minerals. After 24 h, blood was drawn from the tail vein for base-line values and thyroparathyroidectomy or sham was performed by blunt dissection under ether anesthesia. Sham-operated rats were placed in group I, normal control diet ad libitum, or in group II, normal control diet, pair-fed to the daily average intake of group III. Animals were considered successfully TPTXed when after 2 days the plasma Ca was < 7 mg/lOO ml and the P > 11 mg/lOO ml. All TPTX animals were then assigned to group III, normal control diet, orgroup IV, high-Ca diet (1.8% Ca, 0.65% P, 0.05% Mg). This diet is the control diet modified by the addition of CaCO, and replacement of approximately 60% of the sucrose by lactose (developed by the laboratory of Dr. David Baylink, V.A. Hospital, Seattle; available as TD74167, Teklad Mills) to aid in the intestinal absorption of calcium. On this high-Ca diet a normal serum Ca and P could be maintainedin the face of the parathyroid hormone loss. Sodium levothyroxine, 4 pg/lOO mg body wt, was injected intraperitoneally in the TPTX rats twice weekly. Water was provided ad libitum and weights were taken every 2 days. At the end of 14 and 22 wk of age animals from each group were exsanguinated by cardiac puncture.
Blood samples were taken from all animals at the beginning of the experiment, 2 days post-TPTX or sham TPTX, and at time of sacrifice. The blood was heparinized, centrifuged immediately, and the plasma was analyzed as required for HC03, Ca, Mg, P, Na, K, urea N, and creatinine by methods described previously (11).
At sacrifice, the tibia and femur from both sides were quickly excised, cleaned, and frozen. Only diaphyseal (cortical) sections were used for comparative study between groups since metaphyseal and diaphyseal bone have different biochemical (12, 20) and crystallographic (56) compositions. Since previous studies by us had shown that diaphyseal bone from the tibia or femur in the rat did not differ significantly in composition or density, mid-femur sections were used for the "whole"-bone (matrix plus mineral) chemistries and the corresponding tibia1 sections were used for the deproteinated mineral measurements. All specimens were cleaned of marrow and placed in a 1:l mixture of petroleum ethyl ethers. After fat extraction, the bone for whole-bone chemistries was allowed to come to an air-stable weight (ASW) before determination of whole-bone density (weight per unit volume of bone) by the heptane vol- (002) and (310) refleccrystallographic constituents (57). Because of the highly tions (ZI) of the sample by the CI of a 100% crystalline caustic and flammable nature of hydrazine, all samples synthetic HA which has the same broadening paramewere covered with N,. The decanted supernatant hydrazine was diluted 1:l with water and carefully neutralized with dry chlorine (available as Olin HTH, granular ters as the bone sample (58). To define the broadening parameters representative of the average size of crystals, the product of the inv .erse of the integral breadths dry chlorine for swimming pools) before it was dis-(l/h) of the (002) and (310) peaks were used. Since the carded. The deproteinized bone for XRD was transferred inverse of the fi(002) yields a value proportional to the after drying to a vacuum desiccator. The deproteinized length of the long dimension of the crystallite and the bone for chemistries was brought to ASW and the true inverse of the h(310) yields a value proportional to the mineral density was determined by volume displacelength of the two shorter dimensions (an averaged area1 ment using heptane. Dry weight was obtained without dimension), the product is roughly proportional to total heating by use of vacuum for 48 h. The bone was then volume or size. The plot of CI vs. l//$(002> x l/h(310) ground to a powder and chemical determinations were gives a linear regression coefficient r of 0.98 (Fig. 1) . performed for Na, Ca, P, and Mg as before. Analysis for This plot spans the bone crystal size studied in these carbonate was not performed because of adsorption from experiments. the CO, contamination of the highly alkaline 95% hydrazine. Calculations X-Ray Diffraction Analysis Whole-bone density consists of the mineral density plus the matrix density. The percent mineral and ma-X-ray diffraction analyses were done on a Philips trix can be calculated by the following formula: vertical diffractometer utilizing a scintillation counter and a graphite monochromator.
A copper target x-ray tube was operated at 40 kV and 20 mA to produce the Cu-Ka! radiations used. The samples, powdered to less
where -b matrix X (100% -than 200-mesh particle size, were step scanned at 0.05' P = density B/step at a time of either 100 or 200 s/step. No substan-100% -% mineral = % matrix tive difference in precision was observed between the p matrix = 1.36 scan rates. The hydroxyapatite c-axis(002) reflections The whole-bone and mineral densities were measured were scanned from 28.00' to 23.00' 20, and the a-~. , , /r 1 1 axis(310) reflections were scanned from 43.50" to 36. OO" airectry ror eacn rat at ' ASW. Rat matrix density was ' The output was captured on paper tape by a weight, the same as has reported for bone matrix
Teletype ASR-33, and then converted to magnetic tape density in the dog (52). on a PDP-9 or read through an ASR-33 directly to a disk
The relationship of hy pdroxy proline, as a reflection of storage site. The data were processed by a computer collagen, to the amount of ma trix present in the whole program on a CDC 6400/Cyber 73 system. This program bone was determined by the u se of the whole-bone dencalculated for both reflections the integrated intensity sity (g/cm3) and percent matri .x values: % (peak area), the integral breadth (peak area/peak maximmol OH-P/cm" whole bone mum intensity), and the width at one-half maximum intensity.
The integrated intensity (I) was determined cm3 matrix/cm3 whole bone with a coefficient of variation of 1.5%. Integral breadth --mmol OH-P/cm3 matrix
where mmol OH-P/g x density = mmol OH-P/cm3 whole bone.
Statistical analyses between groups of the same age were performed for the bone data by the Student t test, grouped data, P < 0.05 being considered significantly different.
Correlations (r) between parameters in both plasma and bone were sought by the method of linear least squares.
As the bones of rats continue growing throughout their life, the normal maturation of the bone affects the "normal" values. Therefore, each correlation was done with animals of the same age group. The P value for each correlation was calculated by Fisher's z-transformation to correct the sampling distribution of r.
for the skewness of
RESULTS
In normal rats growth is rapid until 8 wk of age, then slows considerably but continues throughout life. Therefore, it was important to define the normal maturation process in order to evaluate the changes resulting from TPTX.
Plasma
Plasma HC03, Ca, and Mg remained the same at 8, 14, and 22 wk in the normal animals (group I), but the plasma P dropped from a mean of 8.8 mg/lOO ml at 8 and 14 wk to 5.8 mg/lOO ml at 22 wk (Table 1) .
After TPTX (groups III and IV), the plasma Ca fell within 2 days from a mean of 10.5 to < 7 mg/lOO ml; the P correspondingly rose from 8.8 to > 11 mg/lOO ml. For the TPTX rats on the normal control diet (group III), the plasma Ca remained low with a mean of 5.8/100 ml 1. Correlation between CI, sum of XRD intensities of (002) and (310) at 14 wk and 5.3 mg/lOO ml at 22 wk. The plasma P remained high, about 7 mg/lOO ml above the norm both at 14 and 22 wk (Table 1) . Plasma HCO, dropped slightly by 14 wk (P < 0.06) but was normal at 22 wk. Plasma Mg, on the other hand, was normal at 14 wk but dropped significantly by 22 wk (P < 0.001). In spite of the lower plasma Mg, the Mg/Ca ratio was increased because of the severe hypocalcemia.
All other plasma values remained within normal limits. The group III TPTX rats ate less and gained less weight than the group I controls. To separate the effect on bone composition of dietary intake from that of parathyroid hormone loss, group 11 controls were pair-fed to this group for 14 wk. Group II grew at the same slower rate but showed a moderate hypophosphatemia (P < 0.005) rather than hyperphosphatemia and only a slightly lowered serum Ca (P < 0.001) and HCO,. Group IV TPTX rats fed a high-Ca diet ate and gained weight at the rate of the group I normals.
Plasma Ca and HCO, remained normal in group IV, but the plasma Mg and P had dropped by 14 wk to the 22-wk control-group level, so that the Mg/Ca ratio was actually below that of the 14-wk control group I (P < 0.005).
Bone
Composition.
When the mineral composition of the midcortical bone in normal rats was analyzed, significant changes were found between the age groups ( Fig.  2 and Table 1 ). Bone C03, Ca, P04, and Na (meq/g) increased as mineralization increased between 8 and 22 wk, but bone Mg decreased. The ratio of Ca/P was unchanged between 8 and 14 wk, but increased between 8 and 22 wk, P < 0.025. Bone Mg/Ca decreased both between 8 and 14 wk, P < 0.001, and between 14 and 22 wk, P < 0.025. Bone Na/Ca and CO,/Ca did not change between 8 and 14 wk, but were increased between 14 and 22 wk; P < 0.001 for both.
After TPTX (group 1.1, normal Ca diet) significant mineral changes occurred at each time period. At 14 and 22 wk, bone Ca was lower than the normal by referenced weight or Ca/P ratio. In the pair-fed control set, Ca/weight was equally reduced, but the Ca/P ratio (CV < 1%) was not. Group IV, on supplemental CaC03, maintained a normal Ca and Ca/P. Bone P/ weight remained constant for all experimental groups. Bone CO, (Fig. 2) for group III was significantly lower than controls at 14 and 22 wk either as milliequivalents per gram or as a C03/Ca ratio. The C03/Ca of group II was lower than normal, but higher than that ofgroup III, P < 0.005. In group IV, the CO, and C03/Ca remained normal.
Bone Mg or Mg/Ca rose as the CO, fell. At 14 wk it was significantly higher than the control in bothgroup III and the pair-fed group II (Fig. 2) . The 22.wk value for group 111 had dropped slightly, but was still significantly higher than that of the normal group. Group IV again maintained a normal value in both time periods. Bone Na or Na/Ca rose, as did bone Mg, for the group III TPTX rats at 14 wk (Fig. 2) , compared with normal or the pair-fed controls. At 22 wk Group III still had a significantly higher bone Na than did group I. In group IV bone Na remained normal throughout, but the Na/Ca was slightly but significantly elevated at 14
Wk.
Chemical determinations on the deproteinated bone mineral gave the same value for the ratios as did the whole bone, with the exception of Ca/P. While the differences between groups were the same as before for Ca/P, the ratio itself after hydrazine was approximately 3% lower, probably the result of excess calcium lost with the matrix and cellular structures during deproteinization.
Since changes in ion content were observed between the various experimental groups, linear correlations were sought between the ions within bone and between plasma and bone. Those that showed a correlation above 0.5 for both the 14-and 22-wk periods are listed in Table 2 . Serum Ca showed a significant correlation with bone Mg, COs, and Ca/P. Serum Mg/Ca also showed the same significant correlations and was even higher vs. bone Mg. However, serum Mg vs. bone Mg had no consistent correlation: r = 0.29 at 14 wk and r = -0.41 at 22 wk. Bone Ca/P had a high correlation with bone Mg and bone C03, and bone Mg had the same high correlation with bone CO,. Bone Na showed no consistently significant correlation. Density. Whole-bone density increased normally in the rat bone between 8 and 22 wk, P < 0.001 (Fig. 3 ).
After TPTX (group III) this increase virtually halted until 14 wk. Thus density values for both 14 and 22 wk were significantly below the normal controls. The TPTX rats on the high-CaCO, diet, despite their PTH loss, maintained normal density, as did the rats pairfed to group III.
When the components responsible for whole-bone density were analyzed ("% mineral," mineral density, "% matrix"), two facts became apparent (Fig. 3) . In the normal rat, 1) the % mineral increased from 8 to 22 wk, from 56.6 to 63.1%; and 2) the mineral density also increased, both from 8 to 14 wk (P < O.OOl), and from 14 to 22 wk (P < 0.05). The pair-fed control rats, however, showed a % mineral unchanged from 8 to 14 wk, thus significantly lower than the 14.wk 'normal controls, and a normal mineral density, 2.521 t 0.029. Ingroup III, the % mineral again remained unchanged at both 14 and 22 wk, but the density of the mineral itself had increased by 14 wk (P < 0.001) to a value much above that of the normal controls (P < 0.01) and was still increased at 22 wk (Table 3) . In group IV, the % mineral increased at the normal control rate throughout; whereas the mineral density, normal at 14 wk, showed an increased value midway between groups I and III at 22 wk.
Analysis of whole-bone hydroxyproline plus determination of % matrix permitted calculation of millimoles OH-P per cubic centimeter matrix. In controls a normal maturation change was identified as a steady increase in OH-P/matrix from 8 to 22 wk (Table 1 and Fig. 3) , from 0.702 to 0.864 mmol. Group III and their pair-fed controls showed no significant increase, but group IV TPTX rats showed the normal OH-P increase for both time periods.
XRD analysis. X-ray diffraction measurements (Table 3) revealed changes in the normal growth period from 8 to 22 wk in bone crystal size. Both peak-broad- (002) and (310) 
DISCUSSION

Normal Maturation
In the growing rat we have studied the normal bone maturation process, which involves changes in the matrix composition and in the physical and chemical characteristics of the mineral, as well as in percent mineralization.
The use of hydrazine to permit separate measurement of mineral and matrix volume has confirmed the normal progressive increase in percent mineral (13, 44) . In addition, it has permitted the characterization of matrix maturation as a progressive increase in the OH-P/matrix, presumably as collagen fibrils become more tightly packed (53) and/or protein polysaccharides are decreased (5, 46, 49). The direct measurement of mineral density reveals progressive increase between 8 and 22 wk. That this increase is not the consequence of a decrease in the amount of XRD amorphous material relative to crystalline hydroxyapatite is concluded from the observation that the percent crystallinity is unchanged (Table 3) . XRD reveals that there is an increase in mean crystal population length (002 peak) and in width (310 peak). Pr.esumably, then, the presence of a greater proportion of larger crystals as growth slows (58) rather than amorphous-HA relationships is reflected by the progressive ening parameters, fi and &,, are inversely proportional to average crystal size, but pllZ is influenced to a greater extent by the larger crystals present. The h (002), proportional to the length of the long dimension, decreased (increased size) from 0.631 at 8 wk to 0.602 at 22 wk, P < 0.001. The &(002) decreased from 0.543 to 0.525, P < 0.001. The b(310), proportional to the length of the shorter dimension, also decreased normally from 2.002 at 8 wk to 1.859 at 22 wk, P < 0.001, while the p1&310) decreased from 1.701 to 1.510, P < 0.001. Thus whether crystal size is looked at via b or pllZ, there is progressive increase in the mean volume of the crystals present.
After TPTX, group III showed a significantly higher rc% crystallinity" both at 14 wk, 83.1% (P < 0.005) and 22 wk, 81.7% (P < 0.02). Group IV, high-Ca diet, also had an increased % crystallinity, 84.2% (P < 0.025) at 14 wk, but this had returned to normal, 78.4%, by 22 wk.
Crystal size parameters showed differences between the TPTX groups. Group III showed no significant alteration at 14 wk but an increase in average crystal normal increase in mineral density. These data, as well as nitrogen data (25) suggest that the surface area normally decreases. Chemical analyses show that Ca and P per gram of bone normally increase with age, a pattern parallel to the increase in mineralization.
Therefore, any Mg, Na, and CO, changes are better evaluated in terms of ratios because these are not influenced by differences in the amount of mineral present. Thus when referenced to Ca or P04, a normal increase in the bone of CO, and Na (P < 0.001) and a decrease in Mg (P < 0.001) are apparent by 22 wk. Since Mg is thought to be surface located (39), the normal decrease is presumably reflecting the normal .decrease in surface area. However, the Na and CO, increases in the presence of decreasing surface area imply internal change. The molar Na change is only about one-third of the molar CO, change, and the remainder of the CO, change is approximately equal to the increase in Ca (or decrease in PO,) as reflected by the Ca/P ratio. Any implication of the existence of CaCO, as such (43) has not been confirmed by attempts to identify its existence by either IR or XRD (28, 30, 38 ). An alternative explanation, having a more reasonable base from in vitro crystallographic studies (31, 62) , is that CO, and PO, exchange on a mole-for-mole basis, as can Na and Ca, and that a CO,/PO, exchange would be enhanced by the increase in the plasma CO,/P ratio by 22 wk.
TPTX Effects
It has long been known that TPTX results in the slowing of growth in bone (21, 27) , and more recently this has been identified as an impairment of bone matrix formation and mineralization which can be corrected by the provision of a high-Ca diet (61). These observations, obtained by histologic methods, are now confirmed by the direct analysis of the bone constituents.
After TPTX, the whole-bone density and the percent mineral at 14 and 22 wk remained at the 8-wk values, well below the controls (Fig. 3) . In matrix, collagen maturation was arrested as judged by the failure of the OH-P/matrix to increase. However, the mineral density at 14 wk was not only greater than control values, but was higher than that observed in the 22.wk normal rats. Mineral density did not further increase between 14 and 22 wk. XRD analyses of percent crystallinity revealed the same pattern, a higher than normal percent crystallinity at 14 wk, not further changed at 22 wk. Nonetheless, the mean crystal population length (002 peak) and width (310 peak) steadily increased, as in normals, at 8-22 wk; all P values < 0.001. Thus the mean crystal volume after TPTX was greater than controls and there was further increase between 14 and 22 wk.
The abnormal maturation after TPTX is then characterized as arrested matrix formation and mineralization. Yet, the mineral phase is perhaps what should be described as of greater than normal maturity.
It is of greater than normal density, percent crystallinity, and mean crystal size. The most reasonable explanation for these observations would be that, in the face of severe hypocalcemia, cellular activity associated with new mineral formation is markedly impaired. The decrease in small-crystal input into the crystal pool would result in predominance of older, larger crystals with higher density and percent crystallinity and would correspond to the histologic decrease' in the mineralization front (61), high in amorphous and/or nondiffracting small crystals.
The changes in the inorganic constituents of bone seen after TPTX, namely, decreased CO, and Ca/P and increased Mg and Na, have been in part previously observed (23, 40) . In induced metabolic acidosis bone Na and CO, have been shown to decrease together (6, lo), and this occurred in the mildly acidotic pair-fed controls. After TPTX, however, with the same mild plasma HCO, decrease (P < 0.06), there was a much greater bone CO, loss (P < 0.005) plus an increase in Na. It would appear that the severe hypocalcemia seen after TPTX resulted in partial substitution of Na for Ca in the mineral phase, which more than offset any Na release consequent to the mild acidosis (10).
The increase in bone Mg also indicates a partial substitution for Ca loss. It is noteworthy that the loss of Ca in milliequivalents per gram, unaccounted for by the substitution of Mg and Na, closely approximates the CO, loss both at 14 and 22 wk. While the normal gain in Ca per gram from 8 to 14 wk is reduced after TPTX, the gain in PO, per gram is not, possibly consequent to surface PO&O, exchange influenced by the greatly increased plasma P/CO, ratio.
The plasma Mg was not different from normal controls in either the pair-fed or TPTX set at 14 wk, but fell below normal by 22 wk in the TPTX set. Yet bone Mg was elevated in both sets. In many studies, the correlation of plasma Mg with bone Mg is significant (1, 14, 17, 34, 59, 60) , but in these studies it was not; r = +0.29 at 14wkandr = -0.41 at 22 wk. However, the correlation between plasma Mg/Ca and bone Mg was r = 0.80 at 14 wk and 0.76 at 22 wk. Because the major change influencing the plasma Mg/Ca was the change in plasma Ca, the correlation between plasma Ca and bone Mg is almost as good. those HA crystals already formed and deposited in matrix would continue to grow, but the excess Mg would serve as an inhibitor of conversion of new ACP-HA. An alternative explanation, perhaps more important, is that the excess Mg, competing for transport at the cell or mitochondrial membrane level, would decrease the availability of the Ca essential for normal mineralization. In the studies herein presented, bone Mg and Ca (as Ca/P) have a highly significant inverse correlation. The data do not indicate whether the changes are largely crystal surface exchange (33, 41) 7 whether they are the consequence of more complex cellular events (47, 48), or whether both processes are involved. The large increase in bone Mg would favor a major contribution by cellular activity, since Mg/Ca exchange after cell death has been shown to be greatly reduced (47).
The observation that the bone changes (except for Na) seen in the pair-fed control animals were in the same direction as those observed after TPTX, although milder, raises the question z whether the changes might be the result of some unidentified consequence of diet induced growth failure rather than hypocalcemia. While this may be true, the food limitation in this control group resulted in a calcium deficiency of suficient magnitude to decrease plasma Ca from 11.1 mg to 9.9 mg/lOO ml; P < 0.001. It seems reasonable to conclude that if the marked hypocalcemia of TPTX produces marked bone changes, mild hypocalcemia would produce the same type of change although of lesser magnitude. The only way to answer the question definitively would be to pair-feed by providing the same calories that produced the slowing of growth, but supple- The bone abnormalities seen post-TPTX are, with minor exceptions, the same as seen in human renal osteodystrophy (12, 15, 28, 35, 43) . Since the latter is a hyperparathyroid state (7, 42, 51) , but with frequent hypocalcemia (9, 18, 36) and hypermagnesemia (15, 16, 22, 24, 32) , the importance of parathormone per se in the evolution of the abnormal mineral seen in the uremic state is further diminished. 
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